The transport of carbohydrates by Streptococcus mutans is accomplished by the 3 phosphoenolpyruvate-phosphotrasferase system (PTS) and ATP-binding cassette (ABC) 4 transporters. To undertake a global transcriptional analysis of all S. mutans sugar transporters 5 simultaneously, we used a whole-genome expression microarray. Global transcription profiles of 6 S. mutans UA159 were determined for several monosaccharides (glucose, fructose, galactose and 7 mannose), disaccharides (sucrose, lactose, maltose and trehalose), a β-glucoside (cellobiose), 8 oligosaccharides (raffinose, stachyose and maltotriose) and a sugar alcohol (mannitol). The 9 results revealed that PTSs were responsible for transport of monosaccharides, disaccharides, β-10 glucosides and sugar alcohols. Six PTSs were transcribed only if a specific sugar was present in 11 the growth medium, thus they were regulated at the transcriptional level. These included 12 transporters for fructose, lactose, cellobiose, trehalose, and two transporters for mannitol. Three 13
Introduction

25
Numerous studies have implicated Streptococcus mutans as the principal causative agent 26 of human dental caries. It is well known that host diet is important for S. mutans cariogenicity, 27 and sugar metabolism of this bacterium plays a key role in the formation of caries. S. mutans is 28 able to metabolize a wide range of carbohydrates that may originate from dietary sources or 29 from host macromolecules. If the diet is rich in sugars, especially sucrose, the end product of 30 sugar metabolism is mostly lactic acid that can lead to demineralization of tooth enamel. 31
Therefore, sugar transport and metabolism by this bacterium are directly related to the onset and 32 development of dental caries. 33 specific detectors (termed: perfect match probe). An additional control element on these arrays 117 was the use of seventeen mismatch (MM) control probes for each gene. These probes were 118 designed to be identical to their perfect match (PM) partners except for a single base difference 119 in the central position. The presence of the mismatched oligonucleotide allows cross-120 hybridization and local background to be estimated and subtracted from the PM signal. A probe 121 pair is called positive when the intensity of the PM probe cell is significantly greater than that of 122 the corresponding MM probe cell, and a probe pair is called negative if the situation is reversed. 123
All probes were designed using Affymetrix probe-selection software and were selected to assure 124 minimal cross-hybridization. Each probe was tiled to the array in approximately one million 125
copies. 126
Hybridization, washing and scanning of the microarray chips were performed according 127 to the procedures described by Affymetrix (www.affymetrix.com). The hybridization solution 128 contained 100 mM MES, 1 M NaCl, 20 mM EDTA and 0.01% Tween 20, pH 6.6 (referred to as 129 1 X MES). In addition, the solution contained 0.1 mg ml -1 herring sperm DNA, 0.5 mg ml -1 130 BSA, 7.8% DMSO and 50 pM of the B2 control oligo. Samples were placed in the array 131 cartridge and hybridization was carried out at 47°C for 16 hours with mixing on a rotisserie at 60 132 rpm. The hybridization solution was removed and the array washed and stained in the Fluidics 133 station using FlexMidi_euk2v3_450 protocol with modifications for P. aeruginosa array (as 134 recommended in the technical manual Affymetrix Inc, Santa Clara, CA). To enhance the signals 135 a 10 µg ml -1 streptavidin and 2 mg ml -1 BSA in 1 X MES solution was used as the first staining 136 solution. After the streptavidin solution was removed, an antibody mix was added as the second 137 stain containing 0.1 mg ml -1 Goat-IgG, 5 µg ml -1 anti-streptavidin antibody and 2 mg ml -1 BSA 138
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on July 8, 2017 by guest http://jb.asm.org/ Downloaded from in 1 X MES. Nucleic acid was fluorescently labeled by incubating with 10 µg ml -1 streptavidinphycoerythrin (Molecular Probes, Eugene, OR) and 2 mg ml -1 BSA in 1 X MES. The arrays 140 were read at 570 nm with a resolution of 0.5 µm using a laser scanner 7G (Affymetrix, Santa 141 Clara, CA). 142
The GeneChip Operating Software (GCOS) version 1.4 analysis program (Affymetrix, 143 Santa Clara, CA) was used for the analysis of gene expression and expression clustering, 144
respectively. The data were compared using GCOS batch analyses. Normalization of all probe 145 sets was done by GCOS. The software computes a normalization value so that: Trimmed Mean 146
Signal baseline =(Normalization Value) X (Trimmed Mean Signal experiment ). The cut off score for 147 the analysis was two fold. Due to a limitation of the software, differences lower than two-fold 148 could be inconsistent and therefore not significant. 149
Microarray data is available at the National Center for Biotechnology Information Gene 150 Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo) under platform and series 151 accession numbers GPL4769 and GSE6973, respectively. 152
Real-Time (RT) PCR. Quantification of the specific transcript was accomplished by the 153 comparative C T method using the Bio-Rad (Hercules, CA) MyiQ Real-time PCR Detection 154 System with fluorescein-spiked SYBR Green as the fluorophore. Binding of the dye to the DNA 155 leads to an increase in fluorescence and is the basis for the detection of the specific cDNA PCR 156 product. The cycle at which the fluorescence intensity generated by a specific PCR product 157 passes a fixed threshold is defined as the threshold cycle (C T ). The primers for RT-PCR analysis 158 were designed using Primer3 software (http://frodo.wi.mit.edu/cgi-159 bin/primer3/primer3_www.cgi). The length of the primers was 23-24 nucleotides, the melting 160 temperature was 60 o C and they amplified 100-110 bp specific fragments. Efficiency of 161 were generated with similar efficiency. Primers used in this study are listed in Table S12 . 165
All RT-PCR reactions were performed in 1X SYBR Green master mix (Bio-Rad) with 166 specific primers (2 ng/µl) and 0.4 ng/µl of cDNA sample in a 25ml volume. (Fig. 2) encoding a putative EII, showed dramatically increased transcription with an 220 induction level of 5-to 11-fold for different genes of the operon (Table S1 , Fig 3B, Fig. 4A ) 221 suggesting that this is an inducible fructose EII. Microarray results showed a 11-fold increased 222 transcription for ORF SMU.1956 in the presence of fructose, suggesting that this gene, initially 223 annotated as a hypothetical protein, is an integral part of the operon and probably part of EII for 224 the inducible fructose PTS. 225
The operon characterized in this study as an inducible fructose operon (SMU. 1956 (SMU. -1961 ) 226 (Fig. 2) was also differentially transcribed in the presence of mannose. The genes of this operon 227
were induced 14 to 37-fold in the presence of mannose as compared to mannitol grown cells 228 (Table S2 , Fig. 4A ). Therefore, this EII is an inducible fructose and mannose EII that we named 229 These two genes are an integral part of the lactose-tagatose operon (14-16, 28) and they are also 240 annotated as a putative EII Lac , therefore we conclude that this is a major lactose transporter. All 241 genes for the lactose-tagatose 6-phosphate and Leloir pathway were also induced (Table S4) . 242
Additionally, ORFs SMU.1488 and SMU.1489 were highly induced in lactose-grown cells 243 (Table S4 ). These two genes are located next to the gene for phospho-β-galactosidase, the last 244 gene of the lactose operon. Their elevated transcription in lactose suggests that they are also 245 involved in lactose and/or galactose metabolism. The same genes that were induced in lactose 246 also exhibited differential transcription in galactose grown cells (Table S5, (Table S6) . 255
The same transporters and catabolic operons induced following growth in raffinose were 256 also induced in stachyose grown cells (Table S7 , Fig. 4B ). This result was not surprising because 257 stachyose is an oligosaccharide very similar to raffinose and the only difference between the two 258 is an additional galactose moiety in stachyose. 259
In the presence of trehalose, two genes of the putative trehalose operon were 260 differentially transcribed as compared to other conditions. The gene for putative EII (Table S9 ) and 4-fold increased in the presence of 267 maltotriose (Table S10) , suggesting its involvement in maltose and maltotriose transport (Fig.  268   4C) . 269
The genes for EII Cel locus (SMU.1596-1601) ( part of sorbitol/mannitol regulon) and was reannotated as the sorbitol/mannitol operon (Fig. 2) . 281
The induction level of different genes of the sorbitol/mannitol operon varied between 10 and 16-282 fold (Tables S2 and S11, Fig. 4C ). The second locus was a well-characterized mannitol operon 283 (SMU.1185, PTS mannitol-specific EIIBC; SMU.1184, transcriptional regulator; SMU.1183, 284 PTS mannitol-specific EIIA; SMU.1182, mannitol-1-phosphate dehydrogenase) (Fig. 2) . 285
Transcription of the different genes of this operon was between 4 and 10-fold higher in mannitol 286 as compared to cellobiose (Tables S2 and S11 higher fold-change range as compared to microarray data, these two data sets showed a 292 correlation coefficient of 0.92 for data presented in log2 scale (Fig. 5) . The RT-PCR data 293 revealed a 3.8-fold (log2=1.9) increased transcription of scrA, a 3.2-fold (log2=1.7) increased 294 transcription of SMU.872 (encoding EII Fru ) and a 2.8-fold (log2=1.5) decreased transcription of 295 SMU.2047 (encoding EII Mal/Glu ) in the presence of sucrose (Fig. 5) . RT-PCR data also revealed a 296 3.7-fold (log2=1.9) and 2.6-fold (log2=1.4) elevated transcription of one PTS (SMU.2047) in the 297 presence of maltose and maltotriose, respectively (Fig. 5) . 298 showed excellent reproducibility, as presented in Fig. 2 for glucose-and fructose-grown samples. 303
Nevertheless, selected microarray results were verified using RT-PCR and these two data sets 304
showed an excellent correlation (Fig. 5) . constitutively expressed ( Fig. 3B and 4A ). However, our previous (24) and current 312 transcriptional analysis revealed a different fructose induced operon (SMU.1956 (SMU. -1961 (Fig. 3B  313 and 4A). Recently published data (43) concerning fructose metabolism confirmed our results. 314
The previously reported fructose inducible operon (SMU.113-116) (41) showed very low 315 transcription in fructose-grown cells. Furthermore, this operon exhibited low expression in every 316 condition tested in this study. It is not completely clear why this operon was not transcribed in 317 the presence of fructose. One explanation could be that there is a mutation in the promoter region 318 that hinders operon transcription in the tested strain. Alternatively, this may not be a fructose EII, 319 but an EII for some unknown sugar. 320 compared to any other sugar tested (Fig. 4) . This result suggested that neither the raffinose nor 352 maltodextrin ABC transporter was involved in sucrose transport under the conditions tested. 353
Thus, sucrose is not an inducer of the two ABC operons. However, it is possible that upon their 354 induction by the specific substrates, these transporters may play a minor role in sucrose transport. 355
Several transporters in S. mutans take up sucrose, and among them is the best 356 characterized, high affinity sucrose PTS. The gene for EII Suc is located in an operon that also 357 includes the gene for sucrose-6-phosphate hydrolase (31). Therefore, sucrose is converted to 358 sucrose-6-phosphate during transport into the cell and is subsequently hydrolysed to glucose-6-359 phosphate and fructose. A Blast search of the nucleotide sequence for the EII Suc gene (scrA) 360 revealed that this gene was designated as SMU.1841 in the genome database (4). The scrA gene 361 was consistently highly transcribed under every condition tested in this study. However, the RT-362 PCR data revealed increased transcription of scrA in the presence of sucrose (Fig. 5) We did not detect the induction of any PTS, except for those for fructose uptake, following S. 374 mutans growth in sucrose. It has been suggested that the second PTS for sucrose was the 375 trehalose PTS in S. mutans GS5 (26). We did not detect induction of the trehalose PTS in the 376 presence of sucrose. Furthermore, EII Tre exhibited minimal activity under any growth condition 377 except when trehalose was present. Therefore, this PTS cannot be induced by sucrose (or any 378 other sugar tested) in UA159. However, it is possible that this PTS exhibits some affinity for 379 sucrose after it is induced by trehalose. Alternatively, the results presented here may be strain 380 specific since it has been known that there are some strain-specific variations in sugar transport 381 (38). 382 Similar to sucrose, maltose serves as a primer for the synthesis of water-soluble dextrans 383 (10). These molecules are cleaved by dextranase to isomaltosaccharides that can be taken up by 384 S. mutans. Therefore, the maltose/maltotriose ABC transporter (SMU.1568-1571) may also be 385 responsible for transport of longer isomaltosaccharides. RT-PCR data revealed elevated 386 transcription of one PTS (SMU.2047) in the presence of maltose and maltotriose (Fig. 5) . This 387 transporter has been previously characterized as a glucose transporter (1, 37). Our transcriptional 388 analysis also suggests its involvement in maltose and maltotriose uptake. 389
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As mentioned earlier, in addition to EII Lac genes, all genes for the lactose-tagatose 6-390 phosphate pathway were also induced in the presence of lactose. This was an expected result 391 because following lactose uptake, lactose-6-phosphate is cleaved by phospho-β-galactosidase 392 (encoded by the last gene of the operon) to galactose-6-phosphate and glucose (15). Galactose 6-393 phosphate is then metabolized by the tagatose 6-phosphate pathway. Interestingly, the galactose 394 operon was also induced, suggesting that the galactose moiety of lactose is metabolized 395 simultaneously through the Leloir and tagatose 6-phospate pathways. The Leloir pathway seems 396 to be the primary pathway for galactose catabolism when S. mutans grows on galactose as a sole 397 carbon source. The first enzyme of the Leloir pathway, galactokinase, catalyzes the 398 phosphorylation of galactose to galactose 1-phosphate. Inactivation of the galactokinase gene 399 completely abolished the growth of S. mutans in galactose (3, 5). Therefore, the primary 400 galactose uptake might not be mediated by a PTS. However, when galactokinase is intact, both 401 the Leloir and the tagatose 6-phosphate pathways are active following growth in galactose (3). 402
Our microarray data confirmed this result (Table S5) were true, galactose would be phosphorylated during PTS transport and utilized through the 407 tagatose-6-phosphate pathway. However, strain UA159 cannot grow on galactose if 408 galactokinase is inactivated. Therefore, the lactose PTS might not be a primary transporter for 409 galactose. Although the microarray data (Table S5) Although the microarray data showed that transcription of the EII Cel (SMU.1596, 442 SMU.1598 and SMU.1600) varied several fold in different sugars, the signal was always very 443 low, suggesting that this operon is substrate inducible and there was only a basal level of 444 transcription under all previously tested conditions (Fig. 4) . To test this hypothesis, a microarray 445 analysis was performed following growth in cellobiose. As expected, the genes for EII five EIIs were consistently highly transcribed, and two ABC transporters were moderately 460 expressed, whereas the other transporters showed very low transcription in glucose (Tables S1,  461 S3-S10, Fig. 3A and 4A) . The presence of a glucose PTS in S. mutans was reported decades ago 462 (9, 18, 32). In fact, S. mutans harbors at least two glucose PTS transporters (21, 37). One of them 463 has been characterized and demonstrated to take up mannose, glucose and 2-deoxyglucose (2, 464 37). Another is responsible for glucose, 2-deoxyglucose and α-methylglucoside transport (1, 37). 465
Comparison of the two glucose PTSs to the genome database (4) showed that they were 466 designated as SMU.1877-1879 (SMU.1877, mannose/glucose-specific EIIAB; SMU.1878, 467 mannose/glucose-specific EIIC; SMU.1879, mannose/glucose-specific EIID) and SMU.2047 468 (glucose/maltose-specific EIIABC), respectively (Fig. 2) . RT-PCR data revealed that the second 469 glucose PTS was also a maltose transporter. Both glucose transporters were consistently highly 470 transcribed in UA159. Additionally, both ABC sugar transporters ABC Raf and ABC Maltd/Mal 471 showed differential transcription in glucose, suggesting they might have some affinity for this 472 carbohydrate. 473
The five PTS transporters that were highly transcribed in glucose showed a similar level 474 of transcription in all other sugars used in this study (Fig. 3 and 4) . It is not completely clear 475 which carbohydrates are substrates for these transporters. As mentioned earlier, EII Mal/Glu is 476 specific for maltose and glucose, and EII Man/Glu is specific for mannose and glucose. Sato and 477 colleagues have cloned and sequenced a sucrose-specific transporter of S. mutans (31). 478
Comparison of this sequence to the genome database showed that one of the five highly 479 expressed EII is EII Suc . In addition to the inducible fructose PTS, S. mutans also possesses a 480 Although the five PTSs were highly transcribed under every condition tested in this 484 study, some showed transcription that was further elevated if the particular sugar was present. 485
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The gene for high affinity EII Suc , previously characterized as constitutive, showed further 486 increase in transcription in sucrose as compared to glucose (Fig. 5) . Similarly, RT-PCR results 487 revealed that the transcription of the genes for EII Mal/Glu and EII Fru was elevated several fold in 488 the presence of maltose and sucrose, respectively (Fig. 5 ). This data confirms that the 489 transcription of the "constitutive" EII genes can be further increased under the appropriate 490 environmental conditions. 491
Evidence that S. mutans constantly expresses five PTSs suggests that their substrates, 492 glucose, fructose, maltose and sucrose might be preferable sugars for this organism. These are 493 also the main dietary sugars, and therefore this bacterium is capable of their immediate 494 utilization as they become available. It is obvious that these transporters are important for S. 495 mutans since the cell expresses them continuously. In addition to their role in instant sugar 496 uptake, it is also possible that these PTSs are involved in the regulation of sugar transport and in 497 catabolite repression. Experiments conducted with EII Man/Glu mutants indicated that preferential 498 utilization of glucose over lactose depended on the presence of this EII (37). 499
Transcription of the genes for PTS Enzyme I and Hpr was consistently high following 500 growth in different carbohydrates, suggesting that these genes were not regulated by a particular 501 sugar used in this study. EII β-glu (SMU.980) was not induced by any sugar used in this study, but 502 it has been previously suggested that it transported a β-glucoside. The common feature of all of these operons was the presence of a regulatory gene that was 524 presumably responsible for their transcriptional regulation. 525
on July 8, 2017 by guest http://jb.asm.org/ Downloaded from transport and catabolism, five of the PTSs were consistently highly expressed regardless of the 527 sugar source. These transcription profiles were consistent with the published functional studies 528 for glucose/mannose and fructose PTS. Microarray data provided evidence that maltose/glucose 529 PTS as well as sucrose PTS were also consistently highly expressed, suggesting that glucose, 530 fructose, maltose and sucrose might be the preferred sugars for S. mutans. Additionaly, these 531 transporters might be involved in the regulation of sugar transport and metabolism, as shown for 532
EII
Man/Glu (1, 2, 37). 533
All inducible PTSs showed very low transcription in the absence of the specific sugar 534 substrate, suggesting their high specificity for particular sugars. The ABC transporters showed 535 low to moderate transcription in different sugars, suggesting that they might transport multiple 536 substrates. Interestingly, the transcription of these ABC transporters was very low in sucrose, 537 suggesting their minor role in transport of this carbohydrate. 538
Our results demonstrate that S. mutans possesses inducible transporters for specific 539 sugars and five PTS transporters that are consistently highly transcribed and presumably 540 available for immediate uptake of the common dietary sugars. The capacity of S. mutans to 541 rapidly transport and metabolize a wide range of sugars, whenever they become available, may 542 be directly related to its survival in dental plaque and its cariogenic potential in humans. 
